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Abstract

In the first case, the AA and glucose were infused through a perinatal port

system into the umbilical vein at 30 weeks’ gestation due to severe IUGR. The

patient received daily hyperbaric oxygenation (HBO, 100% O2) with 1.4

atmospheres absolute for 50 min for 7 days. At 31+4 weeks’ gestation, the

patient gave birth spontaneously to a newborn weighing 1378 g, pH 7.33,

APGAR score 4/6/intubation. In follow-up examinations at 5 years of age, the

boy was doing well without any neurological disturbance or developmental

delay. In the second case, the patient presented at 25/5 weeks’ gestation suffer-

ing from severe IUGR received HBO and maternal AA infusions. The car-

diotocography was monitored continuously during HBO treatment. The

short-time variations improved during HBO from 2.9 to 9 msec. The patient

developed pathologic CTG and uterine contractions 1 day later and gave birth

to a hypotrophic newborn weighing 420 g. After initial adequate stabilization,

the extremely preterm newborn unfortunately died 6 days later. Fetal nutrition

combined with HBO is technically possible and may allow the prolongation of

the pregnancy. Fetal-specific amino-acid composition would facilitate the

treatment options of IUGR fetuses and extremely preterm newborn.

Introduction

Severe intrauterine growth restriction (IUGR), caused by

placental insufficiency, is a serious prenatal condition

(Haram et al. 2006; Nardozza et al. 2017; Tang et al.

2017). It is often associated with arterial and venous

blood flow redistribution which maintains the delivery of

oxygenated blood to the brain, or the “brain sparing
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effect”, and the reduction in the placental arterial blood

supply to the fetal liver due to increased shunting through

the ductus venosus (Arbeille et al. 1987; Tchirikov et al.

1998, 2006; Cahill et al. 2014). However, a reduced liver

blood supply could worsen fetal growth (Tchirikov et al.

2001, 2002, 2006). This reduction in blood flow resistance

in the cerebral arteries is associated with significantly

increased risk of intraventricular hemorrhage, periventric-

ular leukomalacia, hypoxic ischemic encephalopathy,

necrotizing enterocolitis, bronchopulmonary dysplasia,

sepsis and death (Flood et al. 2014). Placental insuffi-

ciency is responsible for about 40% of all stillbirths

(Mongelli and Gardosi 2000; Platt 2014). The long-term

neurocognitive deficits of IUGR include poor executive

functioning, cognitive inflexibility with poor creativity

and language problems (Figueras et al. 2011).

Treatment options for IUGR are limited and usually

necessitate an early delivery (Haram et al. 2006; Man-

druzzato et al. 2008; Thorne et al. 2014). There is evi-

dence that the active placental transport of amino acids,

glucose, and oxygen from the mother to the fetus is

reduced in IUGR fetuses (Cetin et al. 1990, 1992; Rizzo

et al. 1995; Jansson et al. 2002; Benirschke et al. 2013).

Fetal amino acid and glucose supplementation combined

with hyperbaric oxygenation (HBO) could lead to

improved fetal growth, and prolonged pregnancy (Xiao

et al. 2006; Shyu et al. 2008; Wu 2009; Tchirikov et al.

2010a, 2017).

Previously, we observed inadequate improvement in

IUGR fetuses at a gestational age below 28 weeks’ gesta-

tion, using intraumbilical amino acid/glucose supplemen-

tations via a port system (Tchirikov et al. 2010b). We

hypothesized that the additional nutrient load of IUGR

fetuses could lead to lactic acidosis, which subsequently

led us to use of HBO. HBO can increase oxygen diffusion

in the placenta improving energy metabolism in the fetus.

In this report, we describe in detail the treatment options

of severe IUGR human fetuses with pronounced placental

insufficiency and brain sparing, using the combination of

HBO with the long-term administration of nutrients

directly into the umbilical vein via a subcutaneously

implanted intraumbilical perinatal port system, or

transplacental fetal supply.

Case 1

A 22-year-old second gravida, first para patient was

referred to the clinic at 30 weeks’ gestation because of

severe IUGR and preeclampsia. Three years earlier, the

patient had a preterm delivery by C-section because of

severe preeclampsia and brain sparing. The patient did

not have any other relevant history (e.g., smoking, etc.).

On admission, the patient did not have any complaints.

Patient monitoring included the evaluation of a multi-

vessel Doppler examination of the pulsatility index (PI)

in the umbilical artery (UA), middle cerebral artery

(MCA), uterine arteries (Ut.A), ductus venosus (DV),

and CTG. All data were compared with published, stan-

dardized references for various Doppler parameters used

in ultrasound software (Viewpoint, GE).

The estimated fetal weight was 1022 g (<3rd per-

centile), with a reduced amount of amniotic fluid (AFI

8.9 cm) (Voluson E8 Expert, GE, Milwaukee, WI). The

Dopper parameters reflected placental insufficiency and

brain sparing (Table 1). The patient received antihyper-

tensive therapy with methyldopa 250 mg given orally, 4

times daily, and a prophylaxis for the respiratory distress

syndrome (RDS) of dexamethasone. It was possible to

stabilize the arterial pressure below 140/90 mmHg. The

patient was informed about the study on amino acid

supplementation via a subcutaneously implanted port

system combined with hyperbaric oxygenation. The pro-

tocol for the port implantation was approved by the

institutional review board and the invasive procedures

were performed with written informed consent by the

patient.

At 30+1 weeks’ gestation, the port implantation was

performed under local anesthesia without any complica-

tions (Tchirikov et al. 2017). For the ultrasound-guided

puncture of the umbilical vein, we used an 18-gauge nee-

dle (Echotip� Disposable Trocar Needle, COOK Medical,

Spencer, IN) and the catheter was inserted transplacen-

tally into the umbilical vein and then connected to the

port capsule (Fig. 1) (Tchirikov et al. 2017).

The 25-gauge port needle was changed every 3 days.

The pH in the umbilical vein was 7.43. Amino acids

(4 mL/day, Aminoven infant 10%, Fresenius Kabi GmbH,

Bad Homburg, Germany) and 10% glucose (20 mL/day)

were infused with a constant rate of 1.0 mL/h for 9 days.

The patient received daily HBO (100% O2) with 1.4

atmospheres absolute (ATA) for 50 min for 7 days (Bar-

omed, Perry Baromedical Corporation, Florida). One

week later, the resistance to the blood flow in the UA was

measured to be slightly improved (Table 1). At

31+4 weeks’ gestation, the patient gave birth sponta-

neously to a preterm newborn weighing 1378 g, with a

length 34 cm, pH 7.33, APGAR score 4/6/intubation. The

port system was removed under local anesthesia. The

pathological examination reported a small, insufficient

placenta with infarcts and calcifications. The position of

the catheter was found to be optimal without any local

hemorrhage (Fig. 1). Four days postdelivery, the patient

was discharged from the hospital in a healthy condition

without any further treatment, and the baby was dis-

charged 3 weeks later. In follow-up examinations at

5 years of age, the boy was doing well, but the speech
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development was delayed without any other neurological

disturbance.

Case 2

A 30-year-old third gravida, null para patient was referred

to our clinic at 25/0 weeks’ gestation because of severe

IUGR with brain sparing and preeclampsia. The patient

had indicated two previous miscarriages at 9 and

10 weeks’ gestation. The patient was diagnosed 2 years’

previously with systemic lupus erythematosus (SLE),

which had been treated with hydroxychlorochine 200 mg/

day and prednisolone 5 mg/day. On admission, the fetal

weight was estimated to be 470 g (<3rd percentile), and

clinical observation included anhydramnios, zero diastolic

blood flow in the UA, with strong pulsation of UV

Table 1. Ultrasound, Doppler and CTG examinations before and after HBO treatment.

Parameter

Case 1

before HBO

30 WG

Case 1

after 5 HBOs

31 WG

Case 1

after 7 HBOs

31+2 WG

Case 2

before HBO

25 WG

Case 2

immediately after HBO

Fetal weight 1022 g – 1378 g 470 g –

Ut. A.-PI 0.79/1.97 0.81/2.04 0.68/1.64 2.9/3.3 1.9/2.05

UA-PI 2.99 1.4 3.5 3.27 3.0

MCA-PI 0.99 1 1.14 1.12 0.93

DV-PI 0.55 – – 0.4 1.0

CTG-STV 10.2 msec 9.8 msec – 3.9 msec 9 msec

PI, pulsatility index; UA, umbilical artery; MCA, middle cerebral artery; Ut.A, the uterine arteries; DV, ductus venosus; CTG, cardiotocography;

STV, short time variation; WG, weeks’ gestation.

Figure 1. Amino acid and glucose supplementation via a subcutaneously implanted intraumbilical port system. (A) Connection of the port

catheter to the port chamber in preparation for transplantation. (B) The situation after port implantation. The 25-gauge port needle was used

to enter the port system. The port system is connected to the pump containing amino acid and glucose solutions (with permission of J Perinatal

Med (Tchirikov et al. 2017).
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(Fig. 2), brain sparing and the notching of both Ut.A and

normal DV blood flow profile (Table 1, Viewpoint E10

Expert, GE).

The TORCH test was negative. The monitored RR rate

was stabilized below 160/100 mmHg. The patient had a

proteinuria >3 g/day. The patient received RDS prophy-

laxis with 12 mg i.v. betamethasone (two applications

over 24 h), 2 L infusion therapy, Aminovent Infant 10%

40 mL/h i.v. with 10% glucose, O2 3 L/min therapy, and

an s.c. thrombosis prophylaxis.

The patient was informed about the experimental treat-

ment and the possible potential for HBO and amino acid

supplementation. However, the direct intraumbilical

administration of AA, using the perinatal port system was

not offered because an amino acid solution corresponding

to fetal AA concentrations was not available (Tchirikov

et al. 2017). Our previous prospective study indicated the

intraumbilical delivery of a commercial AA formula

known to deviate from fetal AA proportions is not effec-

tive in severe IUGR fetuses with brain sparing below

28 weeks’ gestation (Tchirikov et al. 2017). We obtained

the informed written consent of the patient and approval

from the University Ethics Committee for HBO-only

treatment.

The Ethics Committee stipulated the continuous moni-

toring of the mother and fetus during HBO. While the

mother could be sufficiently monitored inside the HBO

chamber, the standard equipment had no capabilities for

fetal monitoring. For this reason, our engineer modified

the HBO chamber by affixing an ECG-cable (Monica�),

which enabled sufficient fetal heart rate and ECG moni-

toring throughout the entire HBO treatment. The patient

received HBO (Sayers/Hebold, Cuxhaven, Germany) with

1.4 atmospheres absolute for 50 min, the maximum tran-

scutaneous oxygen – tcpO2 was measured as 723 mmHg

(Fig 3).

During HBO treatment, the patient complained of

uterine contractions, which could be treated with i.v.

tocolysis, using 25 lg fenoterol hydrobromide (Partusis-

ten�, Boehringer Ingelheim Pharma KG, Ingelheim, Ger-

many). The Doppler parameter did not change in

response to HBO (before/after HBO (Table 1), although

the cCTG improved sufficiently, increasing the STV from

<2.9 to 9 msec (Fig. 3). One day later, the patient was

delivered by cesarean section because of fetal late deceler-

ations. The newborn weighed 420 g, APGAR 3/8/8, art.

pH 7.12 and BE – 8.5 mmol/L was intubated and trans-

ferred to the neonatal ICU for high flow oxygen/NO

treatment and surfactant applications. After an initial ade-

quate stabilization, the newborn unfortunately developed

a pulmonary bleed on the 4th postnatal day, with subse-

quent hypotonia, anuria, leucopenia and thrombocytope-

nia, and died 6 days later. The pathological examination

reported a placenta (11 9 8.7 cm area), weighing 86 g,

with large necrotic areas, fibrosis, and calcifications.

Discussion

IUGR is one of the major causes of preterm delivery,

which itself is associated with an increase in perinatal

mortality and morbidity, in addition to fetal under-nutri-

tion and chronic hypoxia (Haram et al. 2006; Goldenberg

et al. 2008). The WHO defines preterm delivery as a glo-

bal problem. The survival rate of extreme preterm infants

(<28 weeks gestation) is still low, with 40% dying by the

age of 5 years (WHO) (March of Dimes, PMNCH 2012).

Fetuses with IUGR have a higher rate of mortality [OR

8.3] as well as perinatal complications [OR 31.6] (Beck-

erath et al. 2013). The long-term impacts of extreme pre-

term birth include: impairment of vision, hearing and

executive functions, developmental delay, psychiatric and

behavioral problems, cardiovascular and pulmonary dis-

eases, and resulting socioeconomic burdens (March of

Dimes, PMNCH 2012; Beckerath et al. 2013; Figueras

et al. 2011; Howson et al. 2013; Platt 2014).

The etiology of IUGR is multifactorial and may be sub-

divided into maternal causes such as hypertension, dia-

betes, severe heart-, autoimmune-, renal- or other

systemic-diseases, nicotine and drug abuse, nutritional

disorders, fetal causes, like chromosomal abnormalities,

mosaicism and genetic syndromes, infections and metabo-

lism-disorders, and causes involving uteroplacental vascu-

lar insufficiency (Nardozza et al. 2017). The placenta is

an essential organ for the transfer of nutrients and gases

from the mother to fetus and for the elimination of prod-

ucts resulting from fetal metabolism. The interaction

Figure 2. Doppler profiles of the umbilical artery and vein. Note

the pulsation of the UV.
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between the maternal and fetal circulations in the pla-

centa is fundamental for the adequate exchange of nutri-

ents and oxygen. Because of the presence of paternal

antigens, the fetus and the fetal part of the placenta repre-

sent an allograft to maternal tissues (Nardozza et al.

2017). The inadequate trophoblast invasion of the

myometrial portion of the spiral arteries, the reduced syn-

thesis of nitric oxide and endothelial adhesion molecules

in extravillous trophoblast lead to an increased vasocon-

stricting agent activity, a resistance to blood flow and a

resultant decreased nutrition and oxygen transport of the

intervillous space (Grati et al. 2017; Nardozza et al. 2017;

Tang et al. 2017).

During sustained hypoxia, fetal growth is slow, although

oxygen consumption may be unaltered when corrected for

fetal mass (Carter 2015). The increased anaerobic metabo-

lism of glucose in the placenta could spare oxygen for the

fetus but could reduce its supply of substrate and thereby

limits fetal growth (Carter 2015). The mechanisms leading

to neuronal injury in the IUGR neonatal brain are complex

and not well understood. The brain sparing of IUGR

fetuses is associated with changes in neurotransmitter pro-

files (Garcia-Contreras et al. 2017). Neuroinflammation

elevated production of proinflammatory cytokines and

tumor necrosis factor-a (Wixey et al. 2017). IUGR has been

linked to reductions in overall brain volumes, with regional

changes in gray and white matter volumes (Padilla et al.

2011), significantly thinner insular cortical thickness, and a

smaller insular cortical volume than controls (Egana-Ugri-

novic et al. 2014).

As a consequence of irreversible placental pathology,

treatment options for IUGR with placental insufficiency

remain extremely limited (Haram et al. 2006; Benirschke

et al. 2013; Thorne et al. 2014). A number of changes in

the activity of amino acid transporters have been identi-

fied in the IUGR placenta (Pardi et al. 2002). In IUGR

pregnancies, the maternal concentration of most amino

acids is significantly higher than in normal pregnancies,

which determines a significant increase in total nitrogen

by approximately 18%. This observation coupled with

lower fetal amino acid concentrations in IUGR fetuses,

leads to significantly lower fetal-maternal amino acid con-

centration differences in IUGR pregnancies (Cetin et al.

1992; Pardi et al. 2002). The active placental transport of

amino acids, glucose and oxygen from the mother to the

fetus is reduced due to the altered angiogenesis of placen-

tal tissue, disturbed syncytio- and cytotrophoblast devel-

opment, proliferation, and trophoblast invasion (Cetin

et al. 1992; Jansson et al. 2002; Benirschke et al. 2013). It

is impossible for any treatment of IUGR to replace an

organ as complex as the human placenta. However, a par-

tial therapeutic solution to IUGR could be the supply of

growth-restricted fetuses with amino acids and glucose

under HBO conditions. This could lead to improved fetal

growth and prolong pregnancy (Tchirikov et al. 2010a,

2017). Paz et al. (2001) were able to demonstrate that

full-term infants with fetal growth restriction are not at

increased risk for low intelligence scores at the age 17.

The intrauterine application of amino acids and glucose

into the amniotic fluid for the treatment of IUGR human

fetuses was first developed and introduced by Saling and

his coworkers in the 1970s (Dudenhausen et al. 1972; Sal-

ing 1972, 1987). Intraamniotic amino acid application

increased the amino acid concentration in fetal plasma

but the increased risk of amnion infection syndrome

thwarted the use of this method (Saling 1987).

Figure 3. The HBO process. The patient received HBO (Sayers/Hebold, Cuxhaven, Germany) with 1.4 atmospheres absolute for 50 min,

maximum transcutaneous oxygen – tcpO2 was measured 723 mmHg. Fetal monitoring was performed using a Monica ECG tool affixed to the

HBO chamber.
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We used the perinatal port system for the long-term

administration of nutrients into the umbilical vein of the

first patient without any complications. In our previous

study, we reported that intraumbilical supplementation,

using a commercial amino acid solution via a port system

did not lead to a sufficient weight gain in extremely preterm

IUGR fetuses (Tchirikov et al. 2017). We hypothesized that

the additional nutrient load of IUGR fetuses could lead to

lactic acidosis. On the other hand, commercial amino acid

solutions significantly deviate from the amino acid propor-

tions in normal fetal plasma (Fig. 4) (Economides et al.

1989; Cetin et al. 1990, 1992), which could worsen the

amino acid imbalance of IUGR fetuses (Fig. 4). The com-

mercial AA solution used did not contain aspartic acid, glu-

tamic acid or ornithine. Furthermore, the solution had

fourfold lower relative concentrations of lysine and thre-

onine and 25-fold lower relative concentration of taurine,

compared to the physiologic AA proportions in the plasma

of extreme preterm fetuses. For these reasons, we did not use

the intraumbilical port system to treat the second patient

who presented at 25 weeks’ gestation.

Hyperbaric oxygen (HBO) therapy is defined by the

Undersea and Hyperbaric Medical Society (UHMS) as a

treatment in which a patient intermittently breathes 100%

oxygen under a pressure that is greater than the pressure

at sea level [a pressure greater than 1 atmosphere absolute

(ATA)]. HBO has been shown to be a potent means of

increasing the oxygen content of blood and has been

advocated for the treatment of various ailments, including

air embolism, carbon monoxide poisoning, wound heal-

ing, and ischemic stroke affecting the expression of the

endothelial adhesion molecules, NO production, NOS

expression, cellular energetics, lipid peroxidation, and

microvascular blood flow. (Buras 2000; Calvert et al.

2007). HBO with a significantly higher pressure is used as

a standard procedure during pregnancy as a therapeutic

option in patients with carbon monoxide intoxication

(Kao and Na~nagas 2004). Wattel et al. (2013) did not

find any deviations in psychomotor or height/weight cri-

teria of children following HBO treatment for carbon

monoxide (CO) poisoning during pregnancy.

We used HBO with only 1.4 atmospheres absolute for

50 min (real time of 75 min with HBO initiation and

completion). Modern HBO treatment is a relatively safe

method. Analysis of 1.5 million HBO treatments by Joki-

nen-Gordon et al. (2017), found that only 0.68% of treat-

ments were associated with an adverse event. Barotrauma

and confinement anxiety were the most frequently

reported events. Similarly, Hadanny et al. (2016) reported

a complication rate of 0.72% when analyzing the adverse
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Figure 4. The amino acid concentrations of the commercial amino acid solution vs. amino acid concentrations observed in very preterm

human fetuses under physiologic conditions. The commercial amino acid solution used was Aminoven infant 10% (Fresenius Kabi GmbH, Bad

Homburg, Germany). The required amino acids’ (AA) concentration related to plasma AA concentration of human fetuses under physiological

conditions was calculated as AA = fetal AA concentrations (mean) 9 500 (Economides et al. 1989; Cetin et al. 1990, 1992; Tchirikov et al.

2017). The commercial AA solution did not contain aspartic acid, glutamic acid and ornithine. Furthermore, this solution had fourfold lower

relative concentrations of lysine, and threonine, and 25-fold lower relative concentration of taurine, compared to the physiologic AA

proportions in the plasma of extreme preterm fetuses.
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effects of HBO on 2334 patients. Long et al. (2017) found

that the HBO therapy is safe and effective for the treat-

ment of sleep disorders in children with cerebral palsy.

The second patient reacted with increased uterine con-

tractions to the HBO. The possible constricting influence

of HBO onto arterial vessels is common (Thews and Vau-

pel 2016; van der Bel et al. 2017). We have not registered

any increased uterine contraction of pregnant patients

with carbon monoxide intoxication treated with HBO in

our medical center till now. van Hoesen et al. (1989)

described also a good tolerance of HBO in pregnant

patients.

The influence of HBO on tissues and metabolic and

regeneration processes remains controversial. Oxidative

stress, an imbalance between free radical generation and

antioxidant defense, is recognized as a key factor in the

pathogenesis of adverse pregnancy outcomes (Sultana

et al. 2017). Exposure to HBO could increase the forma-

tion of oxygen radical species and reduce antioxidant

enzyme activity, causing lipid peroxidation and DNA

damage (Chavko and Harabin 1996; Gr€oger et al. 2009;

Michalski et al. 2011; Simsek et al. 2011; Yuan et al.

2011; Schmale et al. 2012; Wixey et al. 2017). Yuan et al.

(2011) demonstrated limited DNA damage in response to

HBO with 2.2 ATA in human umbilical cord endothelial

cells. In opposition to this finding, Migita et al. (2016)

demonstrated that HBO (>2 atmospheres absolute) sup-

pressed apoptosis, which caused inflammation after renal

ischemia/reperfusion, and promoted tubular cell regenera-

tion. Zeng et al. (2012) found that HBO preconditioning

could significantly increase the level of the cortical neu-

rons’ peroxisome proliferator-activated receptor-c mRNA,

playing a central role in the regulation of apoptosis and

oxidative stress.

Huang et al. (2016) who applied HBO 1 h/

day 9 3 days at 2 ATA were able to demonstrate in a rat

model that HBO significantly decreased MRI-identified

abnormalities and tissue histopathology after repetitive

mild traumatic brain injury. Yu et al. (2015) demonstrated

that early HBO (2 ATA for 1 h) after CMA occlusion

could have protective effects on brain tissue after cerebral

ischemia, possibly via the inhibition of tumor necrosis fac-

tor-alpha and phospho-protein kinase C-alpha. Wei et al.

(2015) suggested that HBO promotes neural stem cell pro-

liferation and protects learning and memory abilities in

neonatal hypoxic-ischemic brain damage. Chen et al.

(2016) demonstrated that HBO enhances antioxidant

capacity and reduces the ultrastructural damage induced

by hypoxic-ischemia, which may improve synaptic recon-

struction and alleviate immature brain damage to promote

the habilitation of brain function.

Shyu et al. (2008) showed that HBO can induce the

expression of a placental growth factor in human bone

marrow-derived mesenchymal stem cells, which may play an

important role in HBO-induced vasculogenesis. The combi-

nation of HBO with glutamine substitution was effective in

reducing neuronal apoptosis, increasing serum prealbumin

concentration and improving neurological function follow-

ing traumatic brain injury (Fu et al. 2014). The use of HBO

has been recently described in artificial uterus system and

the placenta supporting oxygen supply of very preterm neo-

nate in parallel to ECMO equipment (Tchirikov 2017).

In conclusion, the combination of HBO and intraum-

bilical amino acid and glucose supplementations via a

port system or transplacental supply, offer a treatment

option in the development of placenta substitution in

cases with severe IUGR. We believe that the reestablish-

ment of fetal physiological concentrations of amino acids,

glucose, trace elements, hormones, growth factors, vita-

mins, and oxygen in IUGR fetuses, using HBO and a pla-

cental by-pass of these substances via an intraumbilical

port system could improve neonatal outcomes and

IUGR-altered fetal programing.

Conflict of Interest

The authors do not have any conflicts of interest or

financial disclosure.

References

Arbeille, P., A. Roncin, M. Berson, F. Patat, and L.

Pourcelot. 1987. Exploration of the fetal cerebral blood

flow by duplex Doppler-linear array system in normal and

pathological pregnancies. Ultrasound Med. Biol. 13:329–
337.

von Beckerath, A. K., M. Kollmann, C. Rotky-Fast, E. Karpf,

U. Lang, and P. Klaritsch. 2013. Perinatal complications and

long-term neurodevelopmental outcome of infants with

intrauterine growth restriction. Am. J. Obstet. Gynecol.

208:130. https://doi.org/10.1016/j.ajog.2012.11.014.

van der Bel, R., M. C�alis�kan, R. A. van Hulst, J. J. van

Lieshout, E. S. Stroes, and C. P. Krediet. 2017. Blood

pressure increase during oxygen supplementation in chronic

kidney disease patients is mediated by vasoconstriction

independent of baroreflex function. Front. Physiol. 8:186.

https://doi.org/10.3389/fphys.2017.00186.

Benirschke, K., G. J. Burton, and R. N. Baergen. 2013.

Anatomy and pathology of the placental membranes. Pp.

249–307 in G. J. B. Kurt Benirschke, R. N. Baergen, eds.

Pathology of the human placenta. 6th ed. Springer, Berlin.

Buras, J. 2000. Basic mechanisms of hyperbaric oxygen in the

treatment of ischemia-reperfusion injury. Int. Anesthesiol.

Clin. 38:91–109.

Cahill, L. S., Y. Q. Zhou, M. Seed, C. K. Macgowan, and J. G.

Sled. 2014. Brain sparing in fetal mice: BOLD MRI and

Doppler ultrasound show blood redistribution during

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 5 | e13589
Page 7

M. Tchirikov et al. Treatment of IUGR with HBO

https://doi.org/10.1016/j.ajog.2012.11.014
https://doi.org/10.3389/fphys.2017.00186


hypoxia. J. Cereb. Blood Flow Metab. 34:1082–1088.
https://doi.org/10.1038/jcbfm.2014.62.

Calvert, J. W., J. Cahill, and J. H. Zhang. 2007. Hyperbaric

oxygen and cerebral physiology. Neurol. Res. 29:132–141.

https://doi.org/10.1179/016164107x174156.

Carter, A. M. 2015. Placental gas exchange and the oxygen

supply to the fetus. Compr. Physiol. 5:1381–1403. https://d

oi.org/10.1002/cphy.c140073.

Cetin, I., C. Corbetta, L. P. Sereni, A. M. Marconi, P. Bozzetti,

G. Pardi, et al. 1990. Umbilical amino acid concentrations

in normal and growth-retarded fetuses sampled in utero by

cordocentesis. Am. J. Obstet. Gynecol. 162:253–261.
Cetin, I., A. M. Marconi, C. Corbetta, A. Lanfranchi, A. M.

Baggiani, F. C. Battaglia, et al. 1992. Fetal amino acids in

normal pregnancies and in pregnancies complicated by

intrauterine growth retardation. Early Human Dev. 29:183–186.
Chavko, M., and A. L. Harabin. 1996. Regional lipid

peroxidation and protein oxidation in rat brain after

hyperbaric oxygen exposure. Free Radic. Biol. Med. 20:973–

978.

Chen, J., Y. H. Chen, H. Y. Lv, and L. T. Chen. 2016. Effect of

hyperbaric oxygen on lipid peroxidation and visual

development in neonatal rats with hypoxia-ischemia brain

damage. Biomed. Rep. 5:136–140. https://doi.org/10.3892/br.
2016.673.

Dudenhausen, J. W., G. Kynast, and E. Saling. 1972.

Kompensatorische Nutrition des mangelversorgten Feten.

Pp. 230–236 in E. Saling, ed. Perinatale Medizin. Georg

Thieme Verlag, 3 B€ande.

Economides, D. L., K. H. Nicolaides, W. A. Gahl, I.

Bernardini, and M. I. Evans. 1989. Plasma amino acids in

appropriate- and small-for-gestational-age fetuses. Am. J.

Obstet. Gynecol. 161:1219–1227.

Egana-Ugrinovic, G., M. Sanz-Cortes, F. Figueras, C. Couve-

Perez, and E. Gratacos. 2014. Fetal MRI insular cortical

morphometry and its association with neurobehavior in

late-onset small-for-gestational-age fetuses. Ultrasound

Obstet. Gynecol. 44:322–329. https://doi.org/10.1002/uog.
13360.

Figueras, F., R. Cruz-Martinez, M. Sanz-Cortes, A. Arranz, M.

Illa, F. Botet, et al. 2011. Neurobehavioral outcomes in

preterm, growth-restricted infants with and without prenatal

advanced signs of brain-sparing. Ultrasound Obstet.

Gynecol. 38:288–294. https://doi.org/10.1002/uog.9041.

Flood, K., J. Unterscheider, S. Daly, M. P. Geary, M. M.

Kennelly, F. M. McAuliffe, et al. 2014. The role of brain

sparing in the prediction of adverse outcomes in

intrauterine growth restriction: results of the multicenter

PORTO Study. Am. J. Obstet. Gynecol., 211:288-e1–288-e5.
https://doi.org/10.1016/j.ajog.2014.05.008.

Fu, X., M. Zhu, X. Sun, D. Fang, W. Wang, N. Dong, et al.

2014. Hyperbaric oxygen treatment and enteral nutrition

support with glutamine relieves traumatic brain injury in

the rats. Int. J. Clin. Exp. Med. 7:5686–5690.

Garcia-Contreras, C., D. Valent, M. Vazquez-Gomez, L.

Arroyo, B. Isabel, S. Astiz, et al. 2017. Fetal growth-

retardation and brain-sparing by malnutrition are associated

to changes in neurotransmitters profile. Int. J. Dev.

Neurosci. 57:72–76. https://doi.org/10.1016/j.ijdevneu.2017.
01.005.

Goldenberg, R. L., J. F. Culhane, J. D. Iams, and R. Romero.

2008. Epidemiology and causes of preterm birth. Lancet

371:75–84. https://doi.org/10.1016/s0140-6736(08)60074-4.

Grati, F. R., F. Malvestiti, L. Branca, C. Agrati, F. Maggi, and

G. Simoni. 2017. Chromosomal mosaicism in the

fetoplacental unit. Best Pract. Res. Clin. Obstet. Gynaecol.

42:39–52. https://doi.org/10.1016/j.bpobgyn.2017.02.004.

Gr€oger, M., S. €Oter, V. Simkova, M. Bolten, A. Koch, V.

Warninghoff, et al. 2009. DNA damage after long-term

repetitive hyperbaric oxygen exposure. J. Appl. Physiol.

106:311–315.

Hadanny, A., O. Meir, Y. Bechor, G. Fishlev, J. Bergan, and S.

Efrati. 2016. The safety of hyperbaric oxygen treatment–

retrospective analysis in 2,334 patients. Undersea Hyperb.

Med. 43:113–122.

Haram, K., E. Softeland, and R. Bukowski. 2006. Intrauterine

growth restriction. Int. J. Gynaecol. Obstet. 93:5–12.

https://doi.org/10.1016/j.ijgo.2005.11.011.

van Hoesen, K. B., E. M. Camporesi, R. E. Moon, M. L. Hage,

and C. A. Piantadosi. 1989. Should hyperbaric oxygen be

used to treat the pregnant patient for acute carbon

monoxide poisoning? A case report and literature review.

JAMA 261:1039–1043.

Howson, C. P., M. V. Kinney, L. McDougall, and J. E. Lawn.

2013. Born too soon: preterm birth matters. Reprod. Health

10:S1. https://doi.org/10.1186/1742-4755-10-s1-s1

Huang, L., A. Obenaus, M. Hamer, and J. H. Zhang. 2016.

Neuroprotective effect of hyperbaric oxygen therapy in a

juvenile rat model of repetitive mild traumatic brain injury.

Med. Gas Res. 6:187–193. https://doi.org/10.4103/2045-9912.
196900.

Jansson, T., K. Ylven, M. Wennergren, and T. L. Powell. 2002.

Glucose transport and system A activity in

syncytiotrophoblast microvillous and basal plasma

membranes in intrauterine growth restriction. Placenta

23:392–399. https://doi.org/10.1053/plac.2002.0826.

Jokinen-Gordon, H., R. C. Barry, B. Watson, and D. S.

Covington. 2017. A retrospective analysis of adverse events

in hyperbaric oxygen therapy (2012–2015): lessons learned
from 1.5 million treatments. Adv. Skin Wound Care 30:125–

129. https://doi.org/10.1097/01.asw.0000508712.86959.c9.

Kao, L. W., and K. A. Na~nagas. 2004. Carbon monoxide

poisoning. Emerg. Med. Clin. North Am. 22:985–1018.
Long, Y., J. Tan, Y. Nie, Y. Lu, X. Mei, and C. Tu. 2017.

Hyperbaric oxygen therapy is safe and effective for the

treatment of sleep disorders in children with cerebral palsy.

Neurol. Res. 39:239–247. https://doi.org/10.1080/01616412.
2016.1275454.

2018 | Vol. 6 | Iss. 5 | e13589
Page 8

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Treatment of IUGR with HBO M. Tchirikov et al.

https://doi.org/10.1038/jcbfm.2014.62
https://doi.org/10.1179/016164107x174156
https://doi.org/10.1002/cphy.c140073
https://doi.org/10.1002/cphy.c140073
https://doi.org/10.3892/br.2016.673
https://doi.org/10.3892/br.2016.673
https://doi.org/10.1002/uog.13360
https://doi.org/10.1002/uog.13360
https://doi.org/10.1002/uog.9041
https://doi.org/10.1016/j.ajog.2014.05.008
https://doi.org/10.1016/j.ijdevneu.2017.01.005
https://doi.org/10.1016/j.ijdevneu.2017.01.005
https://doi.org/10.1016/s0140-6736(08)60074-4
https://doi.org/10.1016/j.bpobgyn.2017.02.004
https://doi.org/10.1016/j.ijgo.2005.11.011
https://doi.org/10.1186/1742-4755-10-s1-s1
https://doi.org/10.4103/2045-9912.196900
https://doi.org/10.4103/2045-9912.196900
https://doi.org/10.1053/plac.2002.0826
https://doi.org/10.1097/01.asw.0000508712.86959.c9
https://doi.org/10.1080/01616412.2016.1275454
https://doi.org/10.1080/01616412.2016.1275454


Mandruzzato, G., A. Antsaklis, F. Botet, F. A. Chervenak, F.

Figueras, A. Grunebaum, et al. 2008. Intrauterine restriction

(IUGR). J. Perinat. Med. 36:277–281. https://doi.org/10.
1515/jpm.2008.050.

March of Dimes, PMNCH, 2012. Save the children, WHO.

Born too soon: the global action report on preterm birth.

World Health Organization, Geneva. Online verf€ugbar unter

http://www.who.int/pmnch/media/news/2012/201204_b

orntoosoon-report.pdf.

Michalski, D., W. Hartig, D. Schneider, and C. Hobohm. 2011.

Use of normobaric and hyperbaric oxygen in acute focal

cerebral ischemia - a preclinical and clinical review. Acta

Neurol. Scand. 123:85–97. https://doi.org/10.1111/j.1600-

0404.2010.01363.x.

Migita, H., S. Yoshitake, Y. Tange, N. Choijookhuu, and Y.

Hishikawa. 2016. Hyperbaric oxygen therapy suppresses

apoptosis and promotes renal tubular regeneration after

renal ischemia/reperfusion injury in rats. Nephro-Urol.

Mon. 8:e34421. https://doi.org/10.5812/numonthly.34421.

Mongelli, M., and J. Gardosi. 2000. Fetal growth. Curr. Opin.

Obstet. Gynecol. 12:111–115.

Nardozza, L. M. M., A. C. R. Caetano, A. C. P. Zamarian, J. B.

Mazzola, C. P. Silva, V. M. G. Marc�al, et al. 2017. Fetal
growth restriction: current knowledge. Arch. Gynecol.

Obstet. 295:1061–1077. https://doi.org/10.1007/s00404-017-

4341-9.

Padilla, N., C. Falc�on, M. Sanz-Cort�es, F. Figueras, N.

Bargallo, F. Crispi, et al. 2011. Differential effects of

intrauterine growth restriction on brain structure and

development in preterm infants: a magnetic resonance

imaging study. Brain Res. 1382:98–108. https://doi.org/10.

1016/j.brainres.2011.01.032.

Pardi, G., A. M. Marconi, and I. Cetin. 2002. Placental-fetal

interrelationship in IUGR fetuses—a review. Placenta 23:

S136–S141. https://doi.org/10.1053/plac.2002.0802.

Paz, I., A. Laor, R. Gale, S. Harlap, D. K. Stevenson, and D. S.

Seidman. 2001. Term infants with fetal growth restriction

are not at increased risk for low intelligence scores at age

17 years. J. Pediat. 138:87–91. https://doi.org/10.1067/mpd.

2001.110131.

Platt, M. J. 2014. Outcomes in preterm infants. Public health

128:399–403. https://doi.org/10.1016/j.puhe.2014.03.010.

Rizzo, G., A. Capponi, D. Arduini, and C. Romanini. 1995.

The value of fetal arterial, cardiac and venous flows in

predicting pH and blood gases measured in umbilical blood

at cordocentesis in growth retarded fetuses. Br. J. Obstet.

Gynaecol. 102:963–969.
Saling, E. 1972. Perinatale Medizin. Georg Thieme Verlag, 3

B€ande.

Saling, E. 1987. Versuch einer neuen kompensatorischen

Versorgung des hypotrophen Feten. Geburtshilfe

Frauenheilkd. 47:90–92. https://doi.org/10.1055/s-2008-

1035781.

Schmale, M., A. Fichtner, C. Pohl, E. John, and M. Bucher.

2012. Hyperbare Oxygenation bei nekrotisierenden

Weichteilinfektionen: Pro. Der Chirurg; Zeitschrift fur alle

Gebiete der operativen Medizen 83:973–979. https://doi.org/

10.1007/s00104-012-2283-0.

Shyu, K. G., H. F. Hung, B. W. Wang, and H. Chang. 2008.

Hyperbaric oxygen induces placental growth factor

expression in bone marrow-derived mesenchymal stem cells.

Life Sci. 83:65–73. https://doi.org/10.1016/j.lfs.2008.05.005.

Simsek, K., H. Ay, T. Topal, M. Ozler, B. Uysal, E. Ucar, et al.

2011. Long-term exposure to repetitive hyperbaric oxygen

results in cumulative oxidative stress in rat lung tissue.

Inhalation Toxicol. 23:166–172. https://doi.org/10.3109/

08958378.2011.558528.

Sultana, Z., K. Maiti, J. Aitken, J. Morris, L. Dedman, and R.

Smith. 2017. Oxidative stress, placental ageing-related

pathologies and adverse pregnancy outcomes. Am. J.

Reprod. Immunol. 77:1–10. https://doi.org/10.1111/aji.
12653.

Tang, L., G. He, X. Liu, and W. Xu. 2017. Progress in the

understanding of the etiology and predictability of fetal

growth restriction. Reproduction 153:R227–R240. https://d
oi.org/10.1530/rep-16-0287.

Tchirikov, M. 2017. K€unstliches Geb€armuttersystem und

Plazenta. Angemeldet durch Universit€atsklinikum Halle

(Saale), Deutschland am 21.03.2017. Anmeldenr: 513976.

Ver€offentlichungsnr: PCT/EP2017/056704.

Tchirikov, M., C. Rybakowski, B. Huneke, and H. J. Schroder.

1998. Blood flow through the ductus venosus in singleton

and multifetal pregnancies and in fetuses with intrauterine

growth retardation. Am. J. Obstet. Gynecol. 178:943–949.

Tchirikov, M., S. Kertschanska, and H. J. Schroder. 2001.

Obstruction of ductus venosus stimulates cell proliferation

in organs of fetal sheep. Placenta 22:24–31. https://doi.org/
10.1053/plac.2000.0585.

Tchirikov, M., S. Kertschanska, H. J. St€urenberg, and H. J.

Schr€oder. 2002. Liver blood perfusion as a possible

instrument for fetal growth regulation. Placenta 23:S153–
S158. https://doi.org/10.1053/plac.2002.0810.

Tchirikov, M., H. J. Schroder, and K. Hecher. 2006. Ductus

venosus shunting in the fetal venous circulation: regulatory

mechanisms, diagnostic methods and medical importance.

Ultrasound Obstet. Gynecol. 27:452–461. https://doi.org/10.
1002/uog.2747.

Tchirikov, M., O. Kharkevich, J. Steetskamp, M. Beluga, and

M. Strohner. 2010a. Treatment of growth-restricted human

fetuses with amino acids and glucose supplementation

through a chronic fetal intravascular perinatal port system.

Eur. Surg. Res. 45:45–49. https://doi.org/10.1159/000318859
Tchirikov, M., J. Steetskamp, M. Hohmann, and H. Koelbl.

2010b. Long-term amnioinfusion through a subcutaneously

implanted amniotic fluid replacement port system for

treatment of PPROM in humans. Eur. J. Obstet. Gynecol.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 5 | e13589
Page 9

M. Tchirikov et al. Treatment of IUGR with HBO

https://doi.org/10.1515/jpm.2008.050
https://doi.org/10.1515/jpm.2008.050
http://www.who.int/pmnch/media/news/2012/201204_borntoosoon-report.pdf
http://www.who.int/pmnch/media/news/2012/201204_borntoosoon-report.pdf
https://doi.org/10.1111/j.1600-0404.2010.01363.x
https://doi.org/10.1111/j.1600-0404.2010.01363.x
https://doi.org/10.5812/numonthly.34421
https://doi.org/10.1007/s00404-017-4341-9
https://doi.org/10.1007/s00404-017-4341-9
https://doi.org/10.1016/j.brainres.2011.01.032
https://doi.org/10.1016/j.brainres.2011.01.032
https://doi.org/10.1053/plac.2002.0802
https://doi.org/10.1067/mpd.2001.110131
https://doi.org/10.1067/mpd.2001.110131
https://doi.org/10.1016/j.puhe.2014.03.010
https://doi.org/10.1055/s-2008-1035781
https://doi.org/10.1055/s-2008-1035781
https://doi.org/10.1007/s00104-012-2283-0
https://doi.org/10.1007/s00104-012-2283-0
https://doi.org/10.1016/j.lfs.2008.05.005
https://doi.org/10.3109/08958378.2011.558528
https://doi.org/10.3109/08958378.2011.558528
https://doi.org/10.1111/aji.12653
https://doi.org/10.1111/aji.12653
https://doi.org/10.1530/rep-16-0287
https://doi.org/10.1530/rep-16-0287
https://doi.org/10.1053/plac.2000.0585
https://doi.org/10.1053/plac.2000.0585
https://doi.org/10.1053/plac.2002.0810
https://doi.org/10.1002/uog.2747
https://doi.org/10.1002/uog.2747
https://doi.org/10.1159/000318859


Reprod. Biol. 152:30–33. https://doi.org/10.1016/j.ejogrb.
2010.04.023.

Tchirikov, M., Z. S. Zhumadilov, G. Bapayeva, M. Bergner, and

M. Entezami. 2017. The effect of intraumbilical fetal nutrition

via a subcutaneously implanted port system on amino acid

concentration by severe IUGR human fetuses. J. Perinat.

Med. 45:227–236. https://doi.org/10.1515/jpm-2016-0155.

Thews, O., and P. Vaupel. 2016. Temporal changes in tumor

oxygenation and perfusion upon normo-and hyperbaric

inspiratory hyperoxia. Strahlenther. Onkol. 192:174–181.
https://doi.org/10.1007/s00066-015-0916-1.

Thorne, J., P. Downey, and E. E. Mooney. 2014. Placental

pathology associated with small for gestational age infants.

Ir. Med. J. 107:249–250.
Wattel, F., D. Mathieu, and M. Mathieu-Nolf. 2013. Devenir

des enfants intoxiqu�es au monoxyde de carbone en p�eriode

fœtale et trait�es par oxyg�enoth�erapie hyperbare—�Etude

d’une cohorte constitu�ee sur 25 ans de 1983 �a 2008. Bull.

Acad. Med. 197:677–697.

Wei, L., J. Wang, Y. Cao, Q. Ren, L. Zhao, X. Li, et al. 2015.

Hyperbaric oxygenation promotes neural stem cell

proliferation and protects the learning and memory ability

in neonatal hypoxic-ischemic brain damage. Int. J. Clin.

Exp. Pathol. 8:1752.

Wixey, J. A., K. K. Chand, P. B. Colditz, and S. T. Bjorkman. 2017.

Neuroinflammation in intrauterine growth restriction. Placenta

54:117–124. https://doi.org/10.1016/j.placenta.2016.11.012.
Wu, Guoyao. 2009. Amino acids: metabolism, functions, and

nutrition. Amino Acids 37:1–17. https://doi.org/10.1007/
s00726-009-0269-0.

Xiao, X. M., Z. H. Ye, Y. Long, and S. L. Chen. 2006. The

effects of hyperbaric oxygen treatment on lipid peroxidation

of pregnant rabbits and their fetus during late pregnancy.

Undersea Hyperb. Med. 33:299–303.
Yu, M., Y. Xue, W. Liang, Y. Zhang, and Z. Zhang. 2015.

Protection mechanism of early hyperbaric oxygen therapy in

rats with permanent cerebral ischemia. J. Phys. Ther. Sci.

27:3271–3274. https://doi.org/10.1589/jpts.27.3271.
Yuan, J., R. D. Handy, A. J. Moody, G. Smerdon, and P. Bryson.

2011. Limited DNA damage in human endothelial cells after

hyperbaric oxygen treatment and protection from subsequent

hydrogen peroxide exposure. Biochem. Biophys. Acta.

1810:526–531. https://doi.org/10.1016/j.bbagen.2011.02.007.

Zeng, Y., K. Xie, H. Dong, H. Zhang, F. Wang, Y. Li, et al.

2012. Hyperbaric oxygen preconditioning protects cortical

neurons against oxygen-glucose deprivation injury: role of

peroxisome proliferator-activated receptor-gamma. Brain

Res. 1452:140–150.

2018 | Vol. 6 | Iss. 5 | e13589
Page 10

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Treatment of IUGR with HBO M. Tchirikov et al.

https://doi.org/10.1016/j.ejogrb.2010.04.023
https://doi.org/10.1016/j.ejogrb.2010.04.023
https://doi.org/10.1515/jpm-2016-0155
https://doi.org/10.1007/s00066-015-0916-1
https://doi.org/10.1016/j.placenta.2016.11.012
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1589/jpts.27.3271
https://doi.org/10.1016/j.bbagen.2011.02.007

